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Abstract

L.P. Li, J.W. Liang and H.J. Fu. An update on the association between traumatic brain 

injury and Alzheimer’s disease : focus on tau pathology and synaptic dysfunction. NEUROSCI 

BIOBEHAV REVXXX-XXX,2020.-Traumatic brain injury (TBI) and Alzheimer’s disease (AD) 

are devastating conditions that have long-term consequences on individual’s cognitive functions. 

Although TBI has been considered a risk factor for the development of AD, the link between TBI 

and AD is still in debate. Aggregation of hyperphosphorylated tau and intercorrelated synaptic 

dysfunction, two key pathological elements in both TBI and AD, play a pivotal role in mediating 

neurodegeneration and cognitive deficits, providing a mechanistic link between these two diseases. 

In the first part of this review, we analyze the experimental literatures on tau pathology in various 

TBI models and review the distribution, biological features and mechanisms of tau pathology 

following TBI with implications in AD pathogenesis. In the second part, we review evidences of 

TBI-mediated structural and functional impairments in synapses, with a focus on the overlapped 

mechanisms underlying synaptic abnormalities in both TBI and AD. Finally, future perspectives 

are proposed for uncovering the complex relationship between TBI and neurodegeneration, and 

developing potential therapeutic avenues for alleviating cognitive deficits after TBI.
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1. Introduction

Traumatic brain injury (TBI) is a serious public health concern that affects an estimated 

2.8 million people each year in the United States and represents a leading cause of 

death and disability worldwide (Peterson et al., 2019). Previous epidemiological studies 

have demonstrated an increased risk for long-term dementia following TBI, including 

Alzheimer’s disease (AD), the most frequent type of dementia in the elderly (Barnes et 

al., 2018; Fann et al., 2018; Plassman and Grafman, 2015). The link between TBI and 

AD has been supported by the identification of AD-like pathologies such as abnormal tau 

aggregates and Aβaccumulation following injuries in animal models and TBI survivors. 

However, recent data has brought challenges for reaching a general consensus on this link 

(Sugarman et al., 2019; Weiner et al., 2017), highlighting the need for a better understanding 

of the mechanistic underpinnings following TBI and how they related to the development of 

neurodegenerative process.

Several mechanisms have been proposed to link a history of TBI to the development of 

AD later in life, such as oxidative stress (Abdul-Muneer et al., 2015), cerebrovascular 

damage (Ramos-Cejudo et al., 2018) and persistent neuroinflammation (Kokiko-Cochran 

and Godbout, 2018). Recently, the pathophysiological link that has received increasing 

attention is the accumulation and spreading of tau pathology following TBI. Despite a 

wealth of data reporting tau changes following TBI, the type of tau pathology induced by 

TBI at different stages following the injury and how it is involved in the development of 

AD have not been systemically reviewed or addressed. In the first part of this critical review, 

we comprehensively analyze the available experimental literature on the tau pathology 

following TBI and present the evidence of molecular mechanisms linking TBI to AD. 

Long-term deficits in cognitive function is an overarching consequence of TBI that may 

be attributed to the impairments of synaptic function, which is also a neuropathological 

hallmark in AD (Forner et al., 2017). It remains unclear whether synaptic dysfunction in 

these two diseases share common features and/or are mediated by common mechanisms. 

In the second part, we review the current knowledge of TBI-induced synaptic dysfunction 

and provide evidence of the underlying molecular mechanisms. In particular, we discuss 

how the molecular pathways of TBI-induced synaptic failure overlap with those of AD. 

Finally, we proposed several future perspectives on uncovering the complex relationship 

between TBI and AD by taking advantage of cutting-edge technologies and newly developed 

TBI models. Currently, there are few pharmacological treatment options to prevent or 

alleviate cognitive impairments following TBI in humans (Janowitz and Menon, 2010). 

Although several pre-clinical treatment approaches, including anti-neuroinflammation, 

targeting neuromodulatory transmitter systems, targeting cell death pathways, stem cells 

transplantation and rehabilitative strategies, have shown beneficial effects on cognitive 

functions in animal models of TBI, translation of these preclinical studies to clinical 

practice has failed (Jarrahi et al., 2020; Kline et al., 2016). Collective evidence provided 

in this review will not only shed lights on the link between TBI and AD and/or AD-

related dementia but also provide insights in developing new therapeutic strategies for the 

alleviation and/or reversion of cognitive impairments following TBI, or even in AD itself.
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2. Tau pathology following TBI: experimental evidence, molecular 

mechanisms and implications in AD

Following TBI, tau undergoes several post-translational modifications, including cleavage 

and phosphorylation. Glutamate-mediated excitotoxicity and the resulted intracellular Ca2+ 

overload triggers a number of important downstream pathways, including mitochondrial 

oxidative stress and activation of proteases and kinases, which are thought to be key 

initiators of tau pathology following TBI (Walker and Tesco, 2013). Small fragments of 

tau (cleaved tau) and hyperphosphorylated tau are involved in the subsequent cascades of tau 

processing that eventually lead to tau aggregates and tangles. In this section, we review the 

TBI-induced molecular and conformational changes of tau in preclinical studies with various 

TBI models (summarized in Table 1), and discuss how these changes may be related to the 

tau pathology and neurodegeneration in AD.

2.1 Tau cleavage

Previous studies have shown that caspase-3-cleaved form of tau, TauC3, is exhibited in 

the brains of AD patients at the early stage of disease (Rissman et al., 2004). TauC3 can 

promote the oligomerization and fibrillization of tau in vitro and in vivo (Chung et al., 2001; 

de Calignon et al., 2010; Lin et al., 2011), accelerating neurodegeneration and cognitive 

deficits in rodents (Kim et al., 2016). Tau cleavage at N368 mediated by asparaginyl 

endopeptidase (AEP), a lysosomal cysteine protease, has also been detected in the human 

AD brains (Zhang et al., 2014), and the fragmented tau has been shown to be neurotoxic 

and possess the ability to form paired helical filaments (PHFs) (Zhang et al., 2014). AEP 

knockout can prevent tau cleavage and ameliorate tau pathology in P301S tau transgenic 

mice (Zhang et al., 2014). In addition, a more recent study has identified a role for novel tau 

fragments mediated by calpain in the disease progression of AD (Chen et al., 2018a). More 

interestingly, evidence has shown that cleaved tau may actively participate in tau misfolding 

and function similarly to prion protein to accelerate the formation of neurofibrillary tangles 

(NFTs) (Zilka et al., 2012). These findings collectively highlight the important role of tau 

cleavage in mediating AD-associated tau pathology.

Previous clinical studies have found an acute and significant increase of cleaved tau in TBI 

patients compared to healthy controls, and the level of cleaved tau in cerebrospinal fluid 

(CSF) and/or serum correlates with the severity of injury and predicts long-term clinical 

outcomes (Shaw et al., 2002; Zemlan et al., 2002). In consistency with these findings, 

altered tau cleavage has also been observed in rodents following various TBI models. A 

study using controlled cortical impact (CCI) model of different severities (mild, moderate 

and severe) in rats showed a severity-dependent increase of cleaved tau in the cortex and 

the hippocampus 3 days after injury compared with sham controls (Gabbita et al., 2005). 

The increase of cleaved tau was displayed as early as 6 h and was manifested in a time-

dependent manner with the peak level observed 7 days following TBI (Gabbita et al., 2005). 

A later study found that severe CCI-induced increase of cleaved tau in the rat cortex was 

mediated by the activation of two major proteases, calpain and caspase-3, as determined by 

35 kDa- and 45 kDa-tau breakdown product, respectively (Liu et al., 2010). A treatment 

of calpain-specific inhibitor SNJ-1945 significantly inhibited the formation of 35 kDa-tau 
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fragment (Liu et al., 2010). In support of the caspase-3-mediated tau cleavage following 

TBI, a recent study detected a chronic activation of caspase-3 following CCI injury, which 

was accompanied by increase of caspase-3-cleaved tau observed up to 3 months after CCI 

(Glushakova et al., 2018). Utilizing a rat model of penetrating ballistic-like brain injury 

(PBBI), Amadoro et al. demonstrated that the full-length tau was substantially decreased 

3 days and 7 days post-PBBI. But a 22-kDa tau fragment (tau22), a similarly sized tau 

fragment as that seen in the brains of AD patients (Amadoro et al., 2010), was increased 

early after injury and remains increased over 7 days post-PBBI (Cartagena et al., 2016). 

Interestingly, the 20-22 kDa NH2-trunicated tau fragments are enriched in mitochondria, 

suggesting their potential role in regulating mitochondrial function. Consistently, a recent 

study has found that caspase-mediated tau fragment impaired mitochondrial dynamics, 

which were also seen in AD (Perez et al., 2018). A recent study conducted by Wu and 

colleagues showed that AEP-mediated cleavage of tau at N368 was enhanced acutely post-

CCI and was still evident months following injury in both wild-type (WT) and 3xTg AD 

mice, accompanied by hyperphosphorylation of tau and formation of NFTs, both of which 

are robustly diminished when AEP is depleted (Wu et al., 2020). These data indicates a 

critical role of AEP-mediated tau cleavage in the development of tau pathology, providing a 

potential link between TBI exposure and AD pathogenesis.

2.2 Tau hyperphosphorylation (P-tau)

As an axonal microtubule (MT)-associated protein, tau has a central role in regulating MT 

dynamics and stability (Hanger et al., 2009). Aberrant P-tau promotes the detachment of tau 

from the MTs and thus destabilizes MTs, causing deficits in axonal transport and neuronal 

functions (Hanger et al., 2009). When detached from MTs, hyperphosphorylated tau is prone 

to self-polymerize into tau oligomers, which may further aggregate into PHFs (Haase et al., 

2004; Maeda et al., 2007). Assembly of PHFs gives rise to NFTs (Rankin et al., 2008), 

which is a characteristic AD brain pathology existing in the somas and dendrites of affected 

neurons. Accumulation of abnormally hyperphosphorylated tau is thus considered as one of 

the early and triggering steps in the process of tangle formation.

TBI has been shown to result in activation and accumulation of a series of kinases, such 

as c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinases (ERK), glycogen 

synthase kinase 3-β(GSK3-β, and cycline-dependent kinase 5 (CDK5). These kinases cause 

hyperphosphorylation of tau at various sites, with Thr205/Thr212/Thr231 and Ser199/Ser202/

Ser262/Ser396/Ser422 being the most reported phosphorylated sites following TBI (discussed 

below). Previous studies have demonstrated that Thr212/Thr231/Ser262 are the main sites 

that prevent tau binding to MTs, and abnormal P-tau at these sites can trigger caspase-3 

mediated neuronal death (Alonso et al., 2010). P-tau at sites Ser202/Thr205 are recognized 

by AT8 antibody, and AT8-positive staining is commonly used as a marker of aberrant P-tau 

in the brains of AD patients (Augustinack et al., 2002; Goedert et al., 1995). Different 

stages of NFTs featured with differential hyperphosphorylation sites have been revealed in 

a previous study using immunostaining assay. In human AD brains, pretangles are observed 

with pSer262, pThr231 and pThr153 tau antibodies. While intraneuronal NFTs are especially 

stained with 12E8 (pSer262/pSer356), pThr175/181, pSer214 and pSer422 tau antibodies, 

extracellular NFTs are prominently recognized by AT8, AT100 (pThr212/pSer214) and PHF1 

Li et al. Page 4

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(pSer396/pSer404) tau antibodies, which also stain intracellular NFTs (Augustinack et al., 

2002).

2.2.1 P-tau following single moderate-to-severe TBI (sTBI)—In preclinical 

studies with CCI model, increased P-tau at various sites have been reported as early as hours 

and through months following TBI. For example, it has been shown that P-tau at Ser404 

was increased 24 hours after CCI and remained elevated up to 4 weeks post-CCI in various 

brain regions, including parietal cortex, prefrontal cortex, hippocampus and thalamus (Zhao 

et al., 2017a; Zhao et al., 2017b; Zhao et al., 2017c). P-tau at Ser404 has been shown 

to facilitate the exposure of microtubule-binding domain (MBD) sites to several kinases, 

therefore inducing tau detachment from MTs and promoting tau self-aggregation (Bibow 

et al., 2011; Steinhilb et al., 2007). P-tau at Ser404 also associates with PHFs in the AD 

brains (Otvos Jr et al., 1994). Increased P-tau at Ser404 is mediated by upregulation of 

adenosine A2A receptors (A2AR) (Zhao et al., 2017a). Inhibition of A2AR attenuated P-tau 

at Ser404, probably through 1) decreasing the activity of tau kinases, GSK-3γand protein 

kinase A (PKA) (Zhao et al., 2017a) and 2) restoring aquaporin-4 (AQP4) polarity (Zhao 

et al., 2017b), which is critical for the normal functioning of ‘glymphatic system’ that is 

used for brain-wide clearance of interstitial solutes (Iliff et al., 2014). In agreement of this 

finding, a study using the Hit & Run model, a modified CCI which only needs a very short 

period of anesthesia and minimizes the effects of isoflurane on tau phosphorylation, showed 

a great loss of perivascular AQP4 polarization following TBI. Furthermore, TBI-induced 

P-tau was exacerbated when Aqp4 gene was deleted (Iliff et al., 2014). P-tau at other sites as 

detected by AT8, AT180 and PHF1 have also been reported in the frontal cortex of rodents 

following CCI (Begum et al., 2014; Laskowitz et al., 2010; Zanier et al., 2018). Interestingly, 

accumulation of P-tau at Ser199/Ser202 following CCI was significantly reduced when TBI-

induced endoplasmic reticulum (ER) stress was inhibited via a chronic post-TBI treatment 

of docosahexaenoic acid (DHA) (Begum et al., 2014), suggesting that ER stress may play a 

role in mediating TBI-induced tau phosphorylation.

Abnormal P-tau has also been observed in blast-induced TBI model (bTBI). A single blast 

significantly increased P-tau (Ser202/Thr205/Thr181) in various brain regions during the acute 

and subacute stages (Goldstein et al., 2012; Perez-Polo et al., 2015). Increased P-tau at 

Thr181 was detected as early as 3 hours post-bTBI (Chen et al., 2018b). A persistent increase 

of aberrant tau species (pSer396, AT8 and AT180) for at least 30 days was observed in 

the mouse hippocampus after single bTBI (Huber et al., 2013). Previous studies using 

fluid percussion injury (FPI) have revealed an important role of protein phosphatase 2A 

(PP2A) in the regulation of TBI-induced P-tau (Shultz et al., 2015; Tan et al., 2016). PP2A 

heterotrimers consist of PR55 regulatory B-subunit and represent the major tau phosphatase 

in the brain (Liu et al., 2005). An increase of P-tau (Ser198/Ser262) was observed in the 

rat cortex following FPI and was preceded by decreased expression and activity of PP2A. 

Post-FPI treatment of sodium selenate, a potent PR55 activator, increased PP2A activity and 

reduced the increased P-tau level (Shultz et al., 2015). Importantly, similar effects on PP2A 

and P-tau have been found in the brain cortex from human TBI patients (Shultz et al., 2015). 

In addition, selenate has been used in clinical trials for AD and a subtle but significant 

improvement in Mini-Mental Status Examination (MMSE) score was associated with the 

Li et al. Page 5

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



level of selenium in the cerebrospinal fluid (Cardoso et al., 2019; Malpas et al., 2016). 

Another protein phosphatase, tissue-nonspecific alkaline phosphatase (TNAP), also accounts 

for P-tau (Diaz-Hernandez et al., 2010). In both blast- and weight drop (WD)-induced TBI 

models, there was a significant decrease in TNAP expression and activity, accompanied by 

increased P-tau (Ser396) (Arun et al., 2015). Inhibited activity of TNAP may work in concert 

with enhanced activation of GSK-3βto increase P-tau (Ser396) following WD-induced injury 

(Lv et al., 2014).

To further investigate the potential causal relationship between TBI and AD-associated 

tau pathology, TBI-induced P-tau has been studied in AD-like mice. Evidence has shown 

that CCI causes an injury-severity-dependent increase in P-tau (notably at Ser199, Thr205, 

Thr231, Ser396, Ser422) in the ipsilateral fimbria/amygdala and contralateral CA1 regions of 

3xTg AD mice (carrying SweAPP, MAPT P301L and PSEN1 M146V transgenes) compared 

with sham 3xTg AD mice (Tran et al., 2011a), which can be attenuated by a treatment of 

D-JNKil, a peptide inhibitor of JNK (Tran et al., 2012). Using a compressed gas CCI model, 

an increased level of P-tau (Thr181) was observed in the brain of mice carrying SweAPP 

mutation (Tg2567 mice) 3 days following TBI (Sawmiller et al., 2014). P-tau detected by 

PHF1 and pSer199 antibodies is increased acutely following moderate CCI in P301L tau 

transgenic mice compared with sham P301L tau mice (Tran et al., 2011b). Moderate CCI 

also induced a subacute increase of P-tau (Ser199, PHF1 and 12E8) and a chronic increase 

of P-tau (AT8) in hTau mice (express human wild-type tau) (Zhang et al., 2019c). Together, 

these findings suggest that TBI promotes the development of tau pathology in the presence 

of AD-associated mutations or overexpression of human WT tau.

2.2.2 P-tau following repetitive mild TBI (rmTBI)—Recent focus has been given 

to repetitive mild TBI (rmTBI) models due to the growing clinical evidence showing that 

aberrant P-tau has a close relationship with a history of repeated concussion (McKee and 

Daneshvar, 2015; McKee et al., 2013). Most rmTBI models employ closed head injury 

(CHI) where a tip or a weight impacts an intact skull. Recently, an improved CHI model, 

called CHIMERA (Closed Head Impact Model of Engineered Rotational Acceleration) has been 

developed to enable a better control of impact delivery. CHIMERA has been shown to be 

a useful model of investigating pathological and neurobehavioral consequences following 

rmTBI (Haar et al., 2019; Namjoshi et al., 2014). A series of preclinical studies have 

demonstrated an abnormal P-tau following rmTBI (Collins-Praino et al., 2018; Du et al., 

2016; Haar et al., 2019; Kane et al., 2012; Luo et al., 2014; McAteer et al., 2016; Mei 

et al., 2018; Namjoshi et al., 2014; Petraglia et al., 2014b). For example, repeated CHI 

(3x, 24 h apart or 6x per day with 2 h interval last for 7 days) and blast injury (3x blasts 

with 1.5 min interval) significantly increased P-tau (AT8) throughout the brain regions 

such as cortex, hippocampus, amygdala and corpus callosum during early (7 days) and 

late (6 months) stages following insults (Du et al., 2016; Luo et al., 2014; Petraglia et al., 

2014b). While P-tau (AT180) was significantly increased in the cortex acutely (24 h) after 

WD-induced single moderate severe injury or repeated mild injuries (3x, 5 days apart), a 

chronic increase of P-tau was only detected in mice received repeated insults (Collins-Praino 

et al., 2018). However, increased P-tau was not detected in other studies using the same 

type of injury, such as repetitive CHI (Bolton and Saatman, 2014; Mannix et al., 2013; 
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Mouzon et al., 2014; Xu et al., 2016) and repetitive blast injury (Sosa et al., 2014). Previous 

studies have suggested that axonal injury plays a critical role in P-tau following TBI (McKee 

et al., 2014). A lack of traumatic axonal injury reported in the Mannix et al. study may 

explain why increased P-tau is not detected. However, this cannot explain for the absence 

of increased P-tau in other studies where axonal injury was observed diffusely distributed 

across the brain (Bolton and Saatman, 2014; Mannix et al., 2013; Mouzon et al., 2014; Sosa 

et al., 2014; Xu et al., 2016). Further studies are warranted to understand why P-tau is not 

changed following TBI where traumatic axonal injury is evident.

The repetitive CHI has also been performed in several AD-like mouse models. Using young 

and old hTau mice, the authors have shown an increased P-tau (Thr231, Ser202, PHF1) in 

the cortex and hippocampus following rmTBI, with a larger extend of increase in old hTau 

mice than young ones (Mouzon et al., 2018; Ojo et al., 2013). Increased P-tau at Ser202 

and Thr231 has also been reported in the serum and cortex of hTau/PS1 mice following 

rmTBI (Rubenstein et al., 2019). However, increased P-tau was not found in the cortex of 

P301S tau transgenic mice following rmTBI compared with sham controls (Xu et al., 2015). 

This absence of difference in P-tau may be due in part to a lack of traumatic axonal injury. 

Studies with 3xTg AD mice has yield inconsistent results. A study using highly repetitive 

TBI model showed no change of P-tau at multiple sites (Thr205, Ser199, AT270, CP13, 

AT8, AT180 and PHF1) in the cortex of 3xTg AD mice (Winston et al., 2016), whereas 

another study using a more severe model found P-tau at Thr205, Ser262 and PHF1 sites in the 

forebrain and hippocampus of 3xTg AD mice (Hu et al., 2018). Differences in the severity 

of injury and the potential resultant different degrees of axonal damage may give rise to this 

discrepancy. Mechanistic studies showed that rmTBI-induced P-tau in 3xTg AD mice was 

associated with AEP activation, which indirectly inhibits PP2A by cleaving I2
PP2A (inhibitor 

2 of PP2A) and thus promoted P-tau (Hu et al., 2018). A recent study has replicated 

rbTBI in ApoE4 mice and found a significant increase of P-tau (AT8) in the hippocampus 

following insults (Cao et al., 2017). Down-regulation of synaptojanin 1 (synj1), a degrading 

enzyme of phosphoinositol phosphatase (PIP2), attenuated the increased P-tau in ApoE4 

mice following rbTBI (Cao et al., 2017). It is worthy of note that the increased P-tau was 

only observed in the hippocampus, but not in the cortex, striatum and cerebellum in this 

study, suggesting a specific vulnerability of hippocampal neurons following TBI (Cao et al., 

2017).

2.2.3 Conformational change of P-tau—P-tau at Thr231 following TBI is of 

particular interest as it triggers a trans-cis conformational change of P-tau. The trans P-tau is 

physiological and can promote MTs assembly, while cis P-tau is pathogenic and contributes 

to AD-related tau pathology (Nakamura et al., 2012). Both single TBI induced by WD or 

blast and rmTBI caused a robust and persistent increase of cis, but not trans P-tau starting 

at 12-24 hours following injury (Kondo et al., 2015). The cis P-tau is neurotoxic and 

can spread in the brain, causing the widespread of tau pathology (Kondo et al., 2015). A 

treatment of cis P-tau specific antibody reduced the cis P-tau-induced toxicity and prevented 

the development of tau pathology in TBI mice (Albayram et al., 2017; Kondo et al., 2015). 

These data suggest that cis P-tau may act as an early driver of disease after TBI and leads to 

overt tau pathology and neurodegeneration in AD.
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2.3 Tau oligomers

Compelling evidence has shown that tau oligomers, a pre-filament form of tau is toxic 

and causes impairments in axonal transport, mitochondrial function and synaptic plasticity, 

resulting in chronic neuronal loss and memory deficits in AD mice (Fa et al., 2016; Lasagna-

Reeves et al., 2011; Lasagna-Reeves et al., 2012). Tau oligomers have been reported in a 

variety of TBI models, including FPI, CCI, WD, blast and repetitive CHI. FPI triggered 

a rapid accumulation of tau oligomers recognized by T22 antibody as early as 4 hours 

following TBI (Hawkins et al., 2013), and a persistent increase of T22-positive signal in 

the cortex and hippocampus was observed 6 months following severe WD injury and CCI 

(Acosta et al., 2017; Albayram et al., 2017). The bTBI has also been reported to cause a 

marked accumulation of T22 immunoreactivity in the hippocampus 24 hours (Gerson et al., 

2016) and 7 days (Du et al., 2016) after insults. Similarly, increased oligomerization of tau 

in the cortex was detected following a single moderate/severe WD injury (Collins-Praino et 

al., 2018). TBI-induced augmented oligomerization of tau appeared to be triggered by an 

elevated level of tau tyrosine phosphorylation, which was mediated by activation of tyrosine 

kinase, abelson murine leukemia viral oncogene homolog 1 (c-Abl) (Wang et al., 2017a). 

Following CCI, c-Abl was activated upon an inhibition of tyrosine-protein phosphatase 

non-receptor type 13 (PTPN13), a phosphatase susceptible to calpain 2 cleavage (Wang et 

al., 2017a). Post-injury treatment of a calpain 2 inhibitor (indirectly activates PTPN13) or 

a c-Abl inhibitor significantly attenuated tyrosine phosphorylated tau and the formation of 

tau oligomers (Wang et al., 2017a). Recently, the impact of single TBI-derived tau oligomers 

on neurotoxicity and long-term deficits has been investigated. It has been shown that single 

blast-derived tau oligomers significantly decreased cell viability in vitro (Gerson et al., 

2016), and a single intra-hippocampal injection of FPI-induced tau oligomers accelerated the 

onset of cognitive deficits in hTau mice (Gerson et al., 2016).

TBI-induced tau oligomers has also been studied in several rmTBI models (Bittar et al., 

2019; Ojo et al., 2016). For example, a study with repetitive mild CHI has demonstrated 

a robust increase in tau oligomer (TOC1-positive) level in hTau mice (Ojo et al., 2016). 

Repetitive mild WD injuries with 3 hits and 5 days apart failed to cause changes in 

the level of tau oligomers (Collins-Praino et al., 2018), 7 injuries in 9 days, however, 

induced robust tau oligomerization (Albayram et al., 2017). This indicates that the number 

of injury and the interval between injuries are important parameters in determining tau 

oligomerization following TBI. More interestingly, tau oligomers derived from rmTBI 

appeared to have distinct characteristics from those derived from sTBI. A recent study 

investigating tau oligomers derived from repetitive and single blast injury has found that 

these different sources of tau oligomers display differential neuronal toxicity, functional 

impairment and seeding profiles, providing a potential mechanism underlying the different 

risks for neurodegeneration following TBIs of different frequencies (Bittar et al., 2019).

2.4 Neurofibrillary tangles (NFTs)

NFTs are aggregates of hyperphosphorylated tau protein that are commonly known as a 

pathological hallmark of AD. A recent study using Thioflavin S/AT8 co-staining has found 

a deposition of NFTs in different brain regions, including cortex, hippocampus and striatum 

of WT mice at 12 months following CCI (Wu et al., 2020). Furthermore, tau aggregates 
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were significantly attenuated in animals with AEP knockout, indicating a pivotal role of 

AEP in mediating TBI-induced AD-like pathology (Wu et al., 2020). A study using T44 

mice (expressed with the shortest form of human WT tau isoform) and repetitive mild 

CHI has shown an increased NFT-like inclusions in the hippocampus, entorhinal cortex 

and inferolateral surface of the brain 9 months following injuries (Yoshiyama et al., 2005). 

In this study, animals are subjected to a total of 16 injuries, with 4 injuries a day and 

repeated every week for 4 weeks. NTF-like tau pathology was recognized by Gallyas and 

Thioflavin-S staining in combination of P-tau immunoreactivity with PHF1, PHF6 (pThr231) 

and 12E8 tau antibodies (Yoshiyama et al., 2005). The distribution pattern of NTF-like tau 

in the hippocampus and the globose-shaped, Pick body-like tau positive inclusions in the 

superficial layer of cortex are similar to those NFTs found in human AD (Yoshiyama et al., 

2005). It is worthy of note that in this study only one out of eighteen animals was observed 

with mrTBI-induced NFTs (Yoshiyama et al., 2005). The reasons why others were resistant 

to TBI-induced formation of NFTs are remained to be elucidated. The expression of the 

shortest form of human tau instead of all six isoforms in these animals may be one of the 

possible reasons. In support of this possibility, a later study using hTau mice who express 

the complete human tau gene profile has demonstrated an augmented NFT-like signals in the 

cortex and hippocampus 3 weeks following rmTBI, which has an even lower frequency of 

injury (5 injuries in total during 9 day period with 48 hours interval) (Ojo et al., 2013).

2.5 Spreading of tau pathology

The propagation and spreading of tau protein is supposed to play an important role in 

the pathogenesis of AD (Jucker and Walker, 2018). Previous studies with different TBI 

models have found that TBI-induced tau pathology is not restricted to the ipsilateral impact 

region, but spreads to other related regions and the non-directly impacted contralateral 

areas hours or weeks following TBI, indicating a spatial spreading of abnormal tau species 

over time after insults (Acosta et al., 2017; Edwards III et al., 2020; Kondo et al., 2015; 

Ojo et al., 2013; Zanier et al., 2018; Zhao et al., 2017c). For example, a CCI study in 

WT mice demonstrated that increased P-tau at Ser404 was observed in the contralateral 

hippocampus, prefrontal cortex and thalamus as early as 24 hours after injury (Zhao et al., 

2017c). Increased accumulation of AT8 reactivity was still evident in the contralateral cortex 

and hippocampus 6 months after CCI (Acosta et al., 2017). Increasing evidence has shown 

that tau pathology is able to spread along brain regions through synaptic connections (de 

Calignon et al., 2012; Liu et al., 2012). Therefore, the augmented phosphorylated tau in 

the contralateral brain areas may be transmitted from the ipsilateral regions. In supporting 

of this idea, a recent study has found that pathological tau (AT8) seemed to disseminate 

between synaptically connected brain regions after CCI, with the most affected brain regions 

being the ones projecting to or from the initial impact region, such as entorhinal cortex, 

hippocampus, amygdala and brainstem (Edwards III et al., 2020). However, P-tau did not 

increase over time in the brain regions in proximity to the impact area (Edwards III et al., 

2020). A previous study showed that increased neuronal activity can promote the spreading 

of tau in vitro (Wu et al., 2016). It will be of great interest to investigate whether the 

spreading of tau pathology in TBI is also attributed to the sustained hyperactivity caused by 

massive glutamate release following TBI.
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Recent studies have demonstrated that tau aggregates may acquire the seeding ability to 

propagate the transmission of tau pathology from one neuron to another in a prion-like 

manner (Clavaguera et al., 2013; Sanders et al., 2014). Whether the spreading of tau 

pathology following TBI is mediated in a prion-like manner has received increasing 

attention. In two recent studies, brain homogenates or tau oligomers from mice exposed 

to CCI or FPI are prepared and inoculated into the hippocampus of TBI-naïve animals. 

Immunochemistry assay in these animals demonstrates that the levels of abnormal tau 

species are increased in the injection site as well as the thalamus and cerebellum, providing 

evidence of a prion-like spreading of tau pathology after TBI (Gerson et al., 2016; Zanier et 

al., 2018).

3. Synaptic dysfunction following TBI

Synaptic dysfunction is not only a neuropathological hallmark of AD but also a frequent 

observation following TBI. Although by no means identical, long-lasting deficits in 

cognitive and memory function observed in AD and following TBI appear to have common 

roots at the synaptic level. In this section, we review the current knowledge of TBI-

induced synaptic dysfunction from perspectives of synapse loss, impaired synaptic plasticity 

and imbalanced synaptic transmission, and discuss the potential common mechanisms 

underlying synaptic dysfunction post-TBI and in AD (summarized in Figure 1).

3.1 Degeneration of dendritic spines and synapses

3.1.1 Evidence for dendritic and synaptic disruption following TBI—Using 

Golgi staining or membrane-incorporating lipophilic dyes that mark the whole cell contour, 

a wealth of studies have shown an extensive dendritic degeneration and a decreased spine 

density in the cortex and hippocampus after TBI (Campbell et al., 2012a; Gao and Chen, 

2011; Gao et al., 2011; Pijet et al., 2019; Sun et al., 2020; Winston et al., 2013; Winston 

et al., 2016; Zhang et al., 2019b; Zhao et al., 2016). CCI-induced acute reduction of 

dendritic spines was not only found in the ipsilateral (Gao and Chen, 2011; Gao et al., 

2011; Pijet et al., 2019; Zhao et al., 2016), but also the contralateral cortex and hippocampus 

(Winston et al., 2013). In particular, the acute loss of dendritic spines at 1 or 3 days 

post-CCI was mainly found in mature mushroom-like spines and immature filopodia-shaped 

spines, with the number of transitional stubby-shaped spines being unchanged (Gao and 

Chen, 2011; Gao et al., 2011; Sun et al., 2020). These observations indicate that CCI 

preferably reduces the density of functional synapses and impairs the capacity of neurons 

to produce new synapses during the acute stage. Interestingly, at a later time point (e.g. 7 

d) post-injury, more immature filopodia-type and thin-type spines were observed (Pijet et 

al., 2019; Sun et al., 2020), indicating a compensation for the loss of synaptic connections 

through synaptogenesis.

In accordance with reduced density of dendritic spines, loss of synapses has been 

consistently reported in a variety of TBI models, determined by reduced immunoactivity of 

synaptic protein markers such as synapsin 1, synaptophysin and PSD95 in the hippocampus 

and cortex at different time points following injury ranging from hours to weeks (Ansari et 

al., 2008a, b; Campbell et al., 2012a; Furman et al., 2016; Rachmany et al., 2017; Rehman et 
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al., 2018; Sen et al., 2017; Wu et al., 2003; Zhang et al., 2019c). In support of the findings 

from immunochemistry studies, transmission electron microscopy (TEM) experiments also 

showed a significant loss of synapses in the CA1 area of hippocampus after CCI (Perez 

et al., 2016; Scheff et al., 2005). Although the synaptogenesis was observed 10 days after 

injury, the total number of synapses by 60 days post-injury was still significantly lower 

than pre-injury level (Scheff et al., 2005), indicating a sustained loss of synapses that may 

underlie the persistent cognitive dysfunction after injury. TBI-induced synapse loss in the 

hippocampus has been further confirmed in a more recent study using super-resolution 

imaging technique, known as SEQUIN (Synaptic Evaluation and Quantification by Imaging 

of Nanostructure) (Sauerbeck et al., 2020). By performing SEQUIN on brain sections 

derived from animals exposed to CHIMERA model of TBI, it has been shown that the 

number of synaptic loci was substantially reduced by 7 days after injury and remained 

decreased at least 30 days post-TBI (Sauerbeck et al., 2020).

3.1.2 Common mechanisms underlying the loss of synapses/spines 
following TBI and in AD—Accumulations of amyloid-β(Aβ) and tau, particularly 

oligomeric form of Aβand tau have pivotal roles in mediating synaptic loss in AD-

like neurodegeneration (Forner et al., 2017). Although there is a rapid and sustained 

accumulation of Aβ(Johnson et al., 2010) and tau (discussed in section 2) following TBI 

in animal models, few studies have investigated whether these accumulations, similar to 

those found in AD, contribute to the synaptic loss following TBI. A previous study indicated 

that TBI-induced synaptic loss might not be attributable to the concurrent Aβaccumulation 

(Winston et al., 2013). Peripheral treatment of the γ-secretase inhibitor LY450139, although 

successfully attenuated Aβaccumulation, did not prevent synaptic loss post-CCI (Winston 

et al., 2013). However, it should be noted that the effect of Aβon synaptic density has 

only been assessed acutely (i.e. 24 h post-injury) in this study, whether TBI-induced 

subacute and/or chronic synaptic loss is mediated by injury-associated Aβdeposition 

remains unknown. In a more recent study, the role of Aβand tau accumulation in the 

regulation of synaptic density was investigated 6 months following TBI (Wu et al., 2020). 

The CCI-induced AEP activation led to an increased deposition of Aβand P-tau, which were 

accompanied by a significant decrease in synapse and dendritic spine density in CA1 area 

(Wu et al., 2020). However, the reduction of synapse/spine density was partially ameliorated 

in animals whose Aβand tau pathology were attenuated by AEP KO (Wu et al., 2020). These 

findings suggest that TBI-induced deposition of Aβand tau does play a role in mediating 

synapse/spine loss following TBI. Additional studies are needed to confirm this role in other 

TBI models and to further investigate whether oligomeric Aβ and/or tau is the toxic species 

executing this role following TBI.

Calcineurin (CaN) is a Ca2+-dependent phosphatase that has been shown to be activated 

following TBI (Furman et al., 2016; Kurz et al., 2005) and in AD (Wu et al., 2010) and 

contribute to the synaptic loss in these two diseases. It has been found that FPI caused an 

increased activity of CaN, which led to a cofilin-dependent disruption of the cytoskeleton 

of spines, resulting in the degeneration and eventual loss of dendritic spines (Campbell et 

al., 2012a). FPI-induced dendritic spine loss can be prevented by a post-injury treatment of 

CaN inhibitor, FK506 (Campbell et al., 2012b). In the context of AD, oligomeric Aβinduced 
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the activation of CaN, which in turn activated the transcriptional factor, nuclear factor of 

activated T cells (NFAT), by translocating it into the nuclei (Wu et al., 2010). Inhibition 

of CaN activity or CaN-mediated NFAT activation can abolish Aβ-induced morphological 

abnormalities of spines and rescue spine loss in mutant APP-overexpressing mouse model 

of AD (Hudry et al., 2012; Rozkalne et al., 2011; Wu et al., 2010). A recent study showed 

that CaN activation and its associated spine loss can also be mediated by tau accumulation 

(Yin et al., 2016). In AD brains, CaN-NFAT signaling pathway has also been shown to 

be robustly activated in the astrocytes (Abdul et al., 2009; Norris et al., 2005). Astrocyte-

specific blockade of CaN-NFAT signaling pathway was able to ameliorate cognitive and 

synaptic dysfunction in APP/PS1 mice (Furman et al., 2012). Recently, the role of astrocytic 

CaN-NFAT signaling pathway in modulating synaptic function has been revealed in a TBI 

model. Furman et al. showed that astrocytic NFAT activity within the hippocampus was 

significantly increased following CCI (Furman et al., 2016). Blocking astrocytic CaN-NFAT 

activation prevented the loss of several synaptic marker proteins including PSD95, synapsin 

1 and GluR1 (Furman et al., 2016).

The complement pathway, of which C1q and C3 are the key molecular players, has a critical 

role in microglia-mediated synaptic loss in AD (Fonseca et al., 2004; Hong et al., 2016; Shi 

et al., 2017). Oligomeric Aβ-induced synaptic loss was associated with increased expression 

of C3 and C1q as well as enhanced microglial phagocytic activity (Hong et al., 2016). 

Genetic deletion of C3 has been shown to protect against synaptic loss in APP/PS1 mice 

(Shi et al., 2017). Both genetic deletion of C1q and pharmacological treatment of blocking 

antibody against C1q prevented oligomeric Aβ-induced synaptic loss in the hippocampus 

(Hong et al., 2016). Similar to oligomeric Aβ tau pathology has also been shown to induce 

microglia-mediated engulfment of synapses in a C1q-dependent manner (Dejanovic et al., 

2018). Interestingly, a recent study has shown that the complement cascades may also plays 

a role in mediating TBI-induced synaptic loss (Krukowski et al., 2018). In aged mice brain 

exposed to CCI, chronic synaptic loss determined by reduced synaptic marker proteins was 

associated with an increase in synaptic expression of C1q and phagocytosis of synaptosomes 

by microglia. Additionally, both genetic deletion of C3 and pharmacological treatment of 

C1q-inhibiting antibody prevented memory deficits in aged mice after TBI (Krukowski et 

al., 2018).

3.2 Impaired synaptic plasticity

Temporary or long-term memory loss is commonly seen in patients with head injury 

(Rabinowitz and Levin, 2014) and experimental animals exposed to TBI (Xiong et al., 

2013). Synaptic plasticity measured by long-term potentiation (LTP) is widely considered as 

the cellular mechanism underlying memory formation. A wealth of studies have examined 

synaptic plasticity in hippocampal slices from animals subjected to injury inflicted by 

CCI (Marshall et al., 2017; Perez et al., 2016; Wang and Han, 2018b), FPI (Chen et al., 

2018c; Franklin et al., 2019), blast (Goldstein et al., 2012) or CHI (White et al., 2017; 

Zhang et al., 2019a). There are consistent reports of impairments of LTP at CA3-CA1 

synapses, accompanied by memory deficits found in several hippocampal-dependent tasks, 

including Morris water maze, novel object recognition and contextual fear conditioning. 

Manipulations of NMDA receptors (Yaka et al., 2007) and its interacting EphB3 receptor 

Li et al. Page 12

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 December 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Perez et al., 2016) as well as its downstream molecular cascades such as PSD95-TrkB-

BDNF pathway (Marshall et al., 2017) and cAMP-CREB pathway (Titus et al., 2013; Titus 

et al., 2016; Wilson et al., 2016) have been shown to attenuate TBI-induced hippocampal 

LTP deficits and improve neurobehavioral outcomes. TBI-induced deficits in CA1-LTP were 

observed after even a single mild CHI and these deficits were aggravated when animals 

express human mutant P301L tau protein, indicating that tau-related genetic predisposition 

promotes TBI-induced deficits in synaptic plasticity (Marschner et al., 2016). Despite of 

the consistent findings above, another study found that CA1-LTP was equally induced 

and maintained in both ipsilateral and contralateral hippocampal slices from rats following 

CCI (Norris and Scheff, 2009). Differences in the experimental settings (e.g. sacrifice 

time, LTP induction protocol), animal species (rats vs mice) and/or injury characteristics 

(e.g. impact speed and dwelling time) may partially explain this discrepancy. Similar 

to a single moderate FPI, rmFPI also rendered high frequency stimulation unable to 

potentiate excitatory postsynaptic potentials (EPSPs) in CA1 synapses (Aungst et al., 

2014). In addition, rmTBI via CHI has been shown to produce LTP impairment in the 

cortex associated with glial activation and P-tau, which can be rescued by the treatment of 

memantine, an uncompetitive NMDA receptor antagonist (Mei et al., 2018).

TBI-induced impairments in LTP also extended to the dentate gyrus (DG) area of 

hippocampus. It has been reported that granule cells in the DG region ipsilateral to the 

injuries modeled by WD or FPI display a significant reduction in LTP post TBI (White 

et al., 2017; Yamashita et al., 2011). Neurotropins are a group of proteins playing pivotal 

roles in mediating synaptic plasticity (Gómez-Palacio-Schjetnan and Escobar, 2013). A 

recent single-cell RNA-seq study has found significant changes in the gene expressions 

of neurotrophins in DG granule cells following FPI, including brain-derived neurotrophic 

factor (Bdnf) and neurotrophin 3 (Ntf3) (Arneson et al., 2018). It is of great interest to 

investigate whether granule cell-specific manipulations of Bdnf and/or Ntf3 levels could 

restore synaptic plasticity and improve functionality in the DG following TBI.

Maintaining synaptic plasticity and long-lasting memory requires protein synthesis, which 

can be suppressed by phosphorylation of the α-subunit of eukaryotic translation initiation 

factor 2 (eIF2α) (Costa-Mattioli et al., 2007). eIF2αphosphorylation is a central step of 

integrated stress responses (ISR) where various cellular stress signals (e.g. ER stress) 

converge on (Pakos-Zebrucka et al., 2016). Aberrant activation of eIF2α kinases and 

the resultant phosphorylation of eIF2αunder stress conditions represent one of the most 

important mechanisms mediating long-term deficits in synaptic plasticity and memory in 

AD (Ohno, 2014). Previous studies have shown that CCI induces acute and persistent 

phosphorylation of eIF2αin the cortex and hippocampus (Begum et al., 2014; Chou et al., 

2017; Sen et al., 2017). A systemic treatment of ISRIB (ISR inhibitor), a small molecule 

blunting the effects of eIF2αphosphorylation on translation initiation, was found to reverse 

TBI-induced hippocampal LTP impairment and rescue TBI-induced behavioral deficits in 

various hippocampal-dependent memory tasks (Chou et al., 2017). Inhibition of PERK 

(double-stranded RNA-activated protein kinase-like endoplasmic reticulum kinase), a major 

kinase of eIF2α has also been shown to restore synaptic plasticity and memory deficits in 

both AD-like (APP/PS1) mice and mice subjected to CCI (Ma et al., 2013; Sen et al., 2017).
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Tau pathology evolved following TBI has been shown to contribute to TBI-induced deficits 

in LTP and behavioral performance (Kondo et al., 2015). Treating animals exposed to 

severe CHI with an antibody specifically blocking cis-P-tau accumulation has been shown 

to prevent the development of tau pathology, reverse cortical LTP deficits and improve 

performance in the cortex-dependent anxiety/risk-taking paradigm (Kondo et al., 2015). A 

large body of research has suggested that the deleterious effects of tau protein on synaptic 

function during the process of AD is dependent on its oligomeric aggregates (Forner et 

al., 2017). Recent studies have found that tau oligomers derived from TBI models also 

display synaptic toxicity and produce long-lasting memory deficits when inoculated into 

the brain of TBI-naïve animals (Bittar et al., 2019; Gerson et al., 2016). Furthermore, tau 

oligomers derived from different TBI models (single blast vs repetitive blasts) decreased 

synaptic protein markers and impaired hippocampal LTP to different extents, with repetitive 

blast-derived tau oligomers being more toxic (Bittar et al., 2019). TBI-derived tau oligomers 

also reduced the probability of vesicular release (measured by paired pulse ratio), therefore 

impairing the short-term plasticity (Bittar et al., 2019). These findings suggest that TBI and 

AD result in similar biological changes in tau protein that increase its toxicity and contribute 

to the impairments of synaptic plasticity and long-term memory.

3.3 Imbalanced synaptic transmission

Proper functioning of neural circuits is ensured by a balance between the excitatory and 

inhibitory control of synaptic transmission (Hensch and Fagiolini, 2005). Aβ-induced 

disruption of the excitation/inhibition balance (E/I balance) in cortical and hippocampal 

neurons has been considered as one of the earliest synaptic dysfunction in the pathogenesis 

of AD (Busche and Konnerth, 2016). Recent studies support altered E/I balance in the 

cortex as a circuit mechanism underlying TBI-induced cognitive deficits (Bashir et al., 

2012; Ding et al., 2011). It has been shown that lateral FPI induces an enduring deficit 

in working memory accompanied by shifts in both excitatory and inhibitory synaptic 

transmission in the layer 2/3 neurons of the prefrontal cortex (PFC) (Smith et al., 2015). 

The frequencies of spontaneous and miniature EPSCs (sEPSCs and mEPSCs) in layer 

2/3 neurons were significantly increased, while the spontaneous and miniature inhibitory 

postsynaptic potentials (sIPSCs and mIPSCs) were much smaller following injury (Smith 

et al., 2015). Enhanced EPSCs and intrinsic excitability were also recorded in the layer 

5 neurons of somatosensory cortex (SSC) following central FPI (Hanell et al., 2015). 

However, FPI-induced hyperexcitability in SSC-layer 5 neurons can be prevented in mice 

with a genetic deletion of cyclophilin-D (CypD) (Sun and Jacobs, 2016). CypD plays a 

critical role in cellular dysfunction by inducing the opening of mitochondrial permeability 

transition pore (mPTP), which leads to ATP depletion, synaptic deficits and eventual 

cell death (Baines et al., 2005; Du et al., 2008). Previous studies have showed that 

CypD deficiency restored altered synaptic transmission (Du et al., 2014) and significantly 

improved learning and memory in AD mice (Du et al., 2008). These findings together 

posit mitochondrial dysfunction as a common mechanism modulating synaptic abnormalities 

following TBI and in AD.

The elevated activity in cortical neurons following TBI is mirrored by increased expression 

of immediate early genes (IEGs), which has been widely used as an indicator of neuronal 
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activity. In a recent study, Rodriques et al. have developed a novel technique, named Slide-

Seq for measuring gene expression in situ with high spatial resolution (Rodriques et al., 

2019). Using this technique, the authors showed that following cortical injury inflicted by 

intracranial injection, IEGs, such as Fos, Arc, Junb and the neuron-specific gene Npas4 
have been upregulated in a large area around the injury site (Rodriques et al., 2019). 

IEGs upregulation has also been shown to associate with hyperexcitation of hippocampal 

neuronal network in TAU58/2 mouse, a tau P301S mouse model of AD. Furthermore, 

co-immunostaining study showed that IEG marker protein Arc was largely confined to 

tau pathology-bearing hippocampal neurons (Przybyla et al., 2020). These results suggest 

that upregulation of IEGs may disrupt the E/I balance in animal models of TBI and AD. 

Hyperexcitability induced by tau abnormalities appears to play an important role in the 

epileptogenesis in AD (Vossel et al., 2017). Interestingly, tau pathology has also been shown 

to be associated with epilepsy developed years after TBI (Zheng et al., 2014). Reducing 

the level of tau may suppress aberrant network activity and represent a promising therapy 

for TBI- and AD-associated epilepsy. Indeed, reducing phosphorylation of tau by sodium 

selenate has been shown to have anti-epileptogenic effects in TBI- and AD-related acquired 

epilepsy models (Liu et al., 2016).

TBI-induced hyperexcitability can also be linked to a loss of synaptic inhibition. Previous 

studies have reported a loss of GABAergic interneurons and impaired GABAergic activity 

in the cortex (Brizuela et al., 2017; Cantu et al., 2015) as well as the hippocampus 

(Almeida-Suhett et al., 2015; Gupta et al., 2012; Santhakumar et al., 2000) following 

various types of injury. Emerging evidence has showed that interneurons in the cortex 

and hippocampus do not respond to injures in the same way. Indeed, regional and/or cell-

type specific vulnerability are observed. For example, in a recent study, Frankowski et al. 

comprehensively analyzed hippocampal interneurons following CCI and found a preferential 

loss of PV (parvalbumin)-and SST (somatostatin)-positive interneurons in the principal cell 

and polymorph layers, whereas nNOS (neuronal nitric oxide synthase)- and Reelin-positive 

interneurons occupying the molecular layer appeared to be well preserved (Frankowski 

et al., 2019). As to the cortical interneurons, a previous study using cell-type specific 

Cre-dependent juvenile mice has found a specific loss of PV- but not SST-expressing 

interneurons following CCI (Nichols et al., 2018). Cell-specific vulnerability to TBI has also 

been observed in the pyramidal neurons. It has been reported that subcortically-projecting 

layer 5 pyramidal neurons (type A) in the mPFC display an increase in the frequency of 

EPSCs following rmTBI, however, no effects were observed in the frequency or amplitude 

of EPSCs in the type B layer 5 neurons, which primarily project to other cortical regions 

(Krukowski et al., 2020). Furthermore, TBI-induced increased frequency of synaptic input in 

type A neurons and altered behavior in mPFC-dependent task (risk-taking) can be restored 

by a treatment of ISRIB (Krukowski et al., 2020). Taken together, these findings suggest that 

cell type-specific vulnerability, a featured characteristic in AD, is also displayed following 

TBI. ISR may serve as a potential target for preserving normal cortical synaptic transmission 

and high-order executive behavior following TBI.
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4 Concluding Remarks and Future Perspectives

Although the association of TBI and increased risk for dementia, such as AD, is well 

described, the exact mechanisms underlying this association remain poorly understood, 

and are extremely complex. Abnormal accumulation of hyperphosphorylated tau aggerates 

and intercorrelated synaptic dysfunction, which are thought to play a pivotal role in the 

development of AD, are also observed following TBI. In this review, we discuss the 

distribution, molecular features and mechanisms of development of tau pathology in a 

variety of TBI models, with a particular focus on its implication in AD. TBI-induced tau 

pathologic changes in Chronic traumatic encephalopathy (CTE) is another hot topic and has 

been recently reviewed by Katsumoto et al. (Katsumoto et al., 2019). Emerging evidence 

suggests that rmTBI increases the risk of developing CTE, while a single moderate to 

severe TBI increases the risk of late-onset AD. It should be noted, however, that CTE 

pathology might not be unique to rmTBI as it has also been found in individuals who 

had no known exposure to repetitive neurotrauma (Iverson et al., 2019). Whether a single 

moderate to severe TBI can cause CTE is not well determined (Iverson et al., 2019). Clinical 

pathological studies reveal that the distribution and progression pattern of tau pathology 

in the brains of AD patients are quite different from that of professional sports players 

with CTE (Katsumoto et al., 2019). Therefore, it is of great importance to elucidate the 

molecular mechanisms underlying tau pathology following different types of TBI, e.g. 

sTBI vs rmTBI. Unfortunately, animal models of TBI that recapitulate the distinct features 

of tau pathology observed in AD and CTE are lacking, which thus significantly hinders 

a better understanding of TBI-induced tau pathology in humans. The newly developed 

CHIMERA model has shown to be more pathologically and biomechanically relevant to 

clinical TBI cases (Haar et al., 2019; Namjoshi et al., 2014). Using CHIMERA model 

on WT mice and/or human WT tau knock-in mice thus shows promise in facilitating a 

better understanding of tau pathology post TBI and shed insights on how tau pathology 

contributes to the development of different neurodegenerative diseases following TBI, such 

as AD and CTE. In addition, it is worthy of note that most TBI models utilize anesthesia 

during the injury delivery, which may confound the pathophysiology post-TBI. For example, 

isoflurane, a commonly used anesthetic agent in experimental TBI has been shown to 

increase tau phosphorylation (Dong et al., 2012) and have neuroprotective effects (Statler et 

al., 2006). Non-anesthetized models developed in both mice (Petraglia et al., 2014a) and rats 

(Meconi et al., 2018; Pham et al., 2019) avoid the effects of anesthesia and are valuable tools 

for pre-clinical studies of TBI.

Long-term cognitive deficits, particularly in high-order executive function and learning 

and memory resulted from TBI is a major health concern that may cause significant 

functional disability. TBI-induced impairments in synaptic function and network activity are 

thought to underlie these cognitive deficits. We review the experimental evidences of TBI-

induced impairments in both structure and function at synaptic level, with a focus on the 

common mechanisms underlying synaptic dysfunction in both TBI and AD. Interestingly, 

tau aggregates derived from TBI models display biological similarities to those found in 

AD, leading to impaired synaptic plasticity and long-term memory. Given that tau pathology 

correlates better with cognitive impairments than does Aβpathology and the fact that most 
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Aβ-based clinical trials failed, targeting of tau is rising to be a promising therapeutic, 

especially in AD cases whose clinical symptoms are evident. Suppression of transgenic 

tau by switching off its expression can stop the progression of tau pathology and reverse 

cognitive deficits in several mouse models (Xu et al., 2014). In cell and animal models, 

small interfering RNA (siRNA) has also been found to reduce tau pathology and associated 

functional impairments (Congdon and Sigurdsson, 2018). Reducing tau pathology with 

siRNA, antisense oligonucleotides (ASOs) or immunotherapy may restore synaptic function 

and represent a potential therapeutic avenue for mitigating cognitive deficits following TBI.

Region- and cell-type specific vulnerability to synaptic loss or dysfunction observed in 

AD is becoming increasingly evident in TBI. With the development of techniques such 

as single-cell or single-nucleus RNA-Seq and spatial transcriptomics like the Slide-Seq 

and 10x Genomics Visium Spatial Gene Expression Solution, future studies can be 

performed on different TBI models and postmortem brain tissues from TBI patients to 

investigate cell-type- and region-specific changes in gene signatures at different time points 

following TBI. Results from these investigations will address critical knowledge gaps in 

the pathogenesis of TBI, for example, which molecular pathways are affected by TBI in 

each cell type and how do they give rise to or involved in the development of different 

neurodegenerative diseases such as AD and CTE? Which cell types and brain regions are 

vulnerable to TBI at different disease stages? How neuronglia interactions following TBI 

contribute to the chronic progression of TBI pathology and neuroinflammation? Identifying 

the gene signatures enriched in the vulnerable regions and cell types can yield novel 

biomarkers and therapeutic targets that may alleviate and/or reverse the cognitive deficits 

and neurodegeneration following TBI.

Disruption of E/I balance observed in the cortex and hippocampus following TBI suggest 

potential intervention strategies for the amelioration of cognitive deficits. The pattern of 

excitation and inhibition in affected regions and neurons can be monitored and manipulated 

with optogenetic tools and Designer Receptors Exclusively Activated by Designer Drugs 

(DREADD)-based chemogenetic tools. By utilizing genetically encoded light-sensitive 

channels and engineered GPCRs that are selectively activated by light and a biologically 

inert compound, clozapine-N-oxide (CNO), respectively, optogenetics and DREADDs are 

able to activate or inhibit neuronal subpopulations with high spatiotemporal resolution 

(Delaney et al., 2020). These novel tools have recently been shown to monitor and modulate 

activities in specific types of neurons and promote neuronal function and survival in 

animal models of TBI (Adams et al., 2018; Chandrasekar et al., 2019; Zhao et al., 2018). 

The use of optogenetics and DREADDs will greatly improve our understanding of circuit-

level pathology in TBI and ultimately help develop precise and selective neuromodulation 

methods that can promote the recovery of cognitive function following TBI (Delaney et al., 

2020).
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Highlights

• Tau pathology and synaptic dysfunction are common features in TBI and AD.

• Tau pathology in animal models of TBI is analyzed, focusing on implications 

in AD.

• Evidence of TBI-mediated synaptic impairments is reviewed.

• Overlapped mechanisms underlying synaptic dysfunction in TBI and AD are 

discussed.

• We propose future perspectives on uncovering the link between TBI and AD.
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Figure 1. Common mechanisms underlying synaptic dysfunction in both TBI and AD
Synapse/spine loss, impaired synaptic plasticity and disrupted E/I balance are common 

synaptic features found post-TBI and in AD. A) Accumulations of Aβand tau and activation 

of CaN-NFAT pathway are thought to contribute to the dendritic spine loss after TBI and 

in AD. Following TBI, mature mushroom-like spines and immature filopodia/thin-shaped 

spines are more vulnerable to loss (indicated by red x marks) than transitional stubby-shaped 

spines. Synaptic loss mediated by complements (C1q and C3) and their receptor CR3 in 

microglia is found in both diseases. B) Phosphorylation of eIF2αcontributes to the deficits 

of long-term synaptic plasticity (e.g. LTP) in the hippocampus of brains from both TBI and 

AD. Tau oligomers derived from TBI, similar to those from AD, impair LTP. TBI-derived 

tau oligomers also impair short-term plasticity by reducing paired pulse facilitation. C) 

Hyperexcitation of cortical and hippocampal neuronal network is observed following TBI 

and in AD, indicated by an upregulation of IEGs. Cyclophilin-D mediated mitochondrial 

dysfunction is a common mechanism underlying this hyperexcitation. Region- and cell-type 

specific vulnerability to disrupted E/I balance, a featured characteristic of AD, is also 

displayed following TBI. F, Filopodia; S, Stubby; M, Mushroom; T, Thin; E/I, Excitation/

Inhibition; CaN, calcineurin; NFAT, nuclear factor of activated T cells; eIF2α, α-subunit of 

eukaryotic translation initiation factor 2; LTP, long-term potentiation; IEGs, immediate early 

genes.
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